In this study, four multilayer film samples of polyimide/Mg, polyimide/Mg/Ti, polyimide/Mg/Pd, and polyimide/Mg/Ti/Pd were prepared by pulsed laser deposition and evaluated for hydrogen absorption-desorption properties. Polyimide/Mg and polyimide/Mg/Ti samples did not absorb hydrogen under conditions of 0.8 MPa and 200°C, while polyimide/Mg/Pd and polyimide/Mg/Ti/Pd samples absorbed hydrogen under the same conditions. The polyimide/Mg/Pd and polyimide/Mg/Ti/Pd samples desorbed hydrogen in the temperature ranges of 430-440°C and 140-200°C, respectively. The addition of Pd was necessary for the absorption of hydrogen because Pd promoted the dissociation of molecular hydrogen. The addition of Ti was necessary to decrease the temperature of dehydrogenation. The improved hydrogen absorption-desorption behavior could be caused by the structural change of MgH 2 from bct to fcc and the decreased thermal stability of fcc MgH 2 compared to that of bct MgH 2 . The hydrogen storage amount of the polyimide/Mg/Ti/Pd film was determined with pressure-composition-temperature measurements. The sample absorbed 0.42 wt.% hydrogen at 200°C and 2.0 MPa and 0.49 wt.% at 200°C and 10 MPa; hydrogen desorption was incomplete under both conditions. While the hydrogen storage amount of the polyimide/Mg/Ti/Pd film is less than that of pure Mg, it may be increased by omitting the base material of polyimide film.
Introduction
Recently, with the increase of fossil fuel consumption, the exhaustion of fossil fuel resources and the environmental problems associated with the use of such fuels are of increasing concern. Hydrogen energy is one alternative to fossil energy; however, the establishment of effective and reliable technologies for hydrogen storage and transportation are required for the practical application of this alternative energy source.
Mg-based alloys are among the most promising materials of all hydrogen-storing alloys, because Mg is both low in cost and capable of absorbing large amounts of hydrogen (up to 7.6 wt.%) as MgH 2 (Jain et al., 2010) . Although pure Mg is sufficient as a hydrogen storage material, it cannot be used practically because of the lower hydrogen absorption/desorption kinetics and the higher reaction temperature, above 300°C. These disadvantages are ascribed to the bct structure of MgH 2 , called rutile, in which hydrogen storage is most stable. Much effort has been spent for decreasing the temperature alloying Mg with the transition metals of Ni, Fe, Cu, and others; and adding catalysts. One promising approach is to change the structure Takuma HASHIMOTO * and Mitsuo NOTOMI * * Department of Mechanical Engineering, Meiji University 1-1-1 Higashimita, Tama-ku, Kawasaki, Kanagawa 214-8571, Japan E-mail: notomim@meiji.ac.jp of MgH 2 due to the addition of Ti.
It was reported that the Mg hydride crystal structure of thin films of Mg y Ti (100-y) (y = ~70-90 at.% Mg) prepared by sputtering depended strongly on the Ti content, that is, 100 -y at.%. The insertion of hydrogen transforms the structure to bct for Mg 90 Ti 10 , whereas the unit cells of Mg 80 Ti 20 and Mg 70 Ti 30 become fcc in symmetry. The fcc unit cells showed rapid hydrogen absorption and desorption reactions. (Vermeulen et al., 2008a (Vermeulen et al., , 2008b ) The bonding energy of Mg-H was calculated using density functional theory (DFT); the Mg-H bonds in hydrogenated Mg 75 Ti 25 were found to be weak compared with those of rutile MgH 2 . The weakness of the Mg-H bonding was mainly caused by the rearrangement of the metal lattice from bct to fcc (Tao et al., 2011) . The hydrogen storage properties of thin-film Mg 80 Ti 20 -Pd prepared by electron-beam deposition was electrochemically investigated (Niessen and Notten, 2005) , determining the hydrogen storage capacity of ~6.53 wt.%. This was caused by the change in structure of the Mg hydride with the Ti addition; that structural change had improved the reactivity of Mg with hydrogen. It was concluded that Mg 80 Ti 20 thin film could be a candidate material for hydrogen storage.
One of the authors and a coauthor have reported that Mg film which was layered with Fe and Ti by pulsed laser deposition (PLD) desorbs hydrogen at 518 °C less than the desorption temperature of Magnesium hydride (Nakashima and Notomi, 2015) . The Mg layer was sandwiched Fe and Ti thin layer for improving the properties. According to the results in this study we prepared four Mg-based multilayer films by PLD and investigated the hydrogen absorption capacities of the samples with X-ray diffraction (XRD) analysis. Additionally, the hydrogen desorption temperatures of the samples that had absorbed hydrogen were measured with differential scanning calorimetry (DSC). The effect of Ti and Pd layers on the hydrogen desorption property of Mg was also investigated. The sample that showed the best hydrogen desorption behavior was analyzed for hydrogen absorption amount by a pressure-composition-temperature (PCT) measurement apparatus. Table 1 shows the names of the samples and the order of layers and sources for the four samples tested in this study. The base material was polyimide film (7.5 μm thickness, Kapton, DuPont-Toray Co., Ltd.) with dimensions of 50 × 50 mm square. It had been got the result that the temperature of the base raised up to about 200°C at the evaporation from other experiments using resistance heating evaporation equipment so that polyimide was used as the base material since it is one of heat resistance polymer, and of which the glass transition temperature is more than 400°C. The targets were disk shapes of Mg (bulk, 99.9% purity, Nilaco Corp., φ20 × 6 mm), Ti (bulk, 99.9% purity, Nilaco Corp., φ15 × 6 mm), and Pd (bulk, 99.95% purity, Nilaco Corp., φ5 × 6 mm). The base and the targets were placed in a vacuum chamber evacuated to ~5.0 × 10 -4 Pa; the targets were irradiated by a pulsed Nd-doped yttrium aluminum garnet (Quanta-Ray INDI, Spectra-Physics Corp.) laser of the fourth harmonic generation (wavelength λ = 266 nm) from the outside to evaporate the elements and deposit them on the base. The PLD system was designed by us. Table  1 also shows the name of the samples; the top surfaces of Samples III and IV were deposited with Pd as a catalyst, while the Ti layer protects the Mg layer from oxidation and promotes hydrogen dissociation. The weight of each sample was measured both before and after PLD and the thickness of each layer was determined from the weight difference, the density of the elements, and the deposited area on the samples (45 × 45 mm). Table 2 shows the weight and thickness of each Mg and Ti layer in the samples. All Mg layers were ~290 nm thick and the Ti layers in Sample II and Sample IV were ~55 nm thick. As the weight differences after the PLD of the Pd layers were too small to measure, the thicknesses of the Pd layers were estimated by the time of the deposition based on the experience we obtained from the previous Mg and Ti depositions; the estimated thicknesses of the Pd layers are also shown in Table 2 . 
Sample preparation

Hydrogenation
All samples were hydrogenated under the conditions listed in Table 3 . The existence of MgH 2 was investigated by qualitative analysis with XRD (MiniFlex600, Rigaku Co., Ltd.). Four as-prepared samples were hydrogenated and measured under the conditions of Table 4 . Figure 1 shows the XRD patterns of all samples both before and after hydrogenation. The reflection attributed to Mg is observed in the diffraction patterns of Sample I and II in both states of as-prepared and post-hydrogenation; the same reflection of Mg is observed in the patterns of as-prepared Sample III and IV in Figure 2 (c) and (d). In addition, reflections attributed to MgH 2 are observed in the post-hydrogenation patterns of Sample III and IV. This indicates that Samples III and IV absorb hydrogen under the conditions of Table 2 , while Samples I and II do not absorb it because of without Pd catalyst. Thus, Pd is necessary for the samples to absorb hydrogen. In general, Pd might promote the dissociation reaction of molecular hydrogen and simultaneously protect the surface of the Mg or Ti layer from oxidation, which otherwise prevents hydrogen from diffusing through the surface. Although Pd has more prominent hydrogen storage capacity than Mg or Ti, it is heavier and costlier than other elements; alternative lighter and cheaper elements might be needed for practical use. From the results of the XRD it has been considered that Pd and Ti hydrides did not form in the conditions of the hydrogenation.
Hydrogen desorption temperature
The hydrogen desorption temperatures were determined with DSC (DSC-60, Shimazu Co., Ltd.). The measurement conditions are shown in Table 5 . For comparison, the dehydrogenation temperature of commercial MgH 2 powder produced by Bio Coke Lab Co., Ltd. was measured under the same conditions; the DSC heating measurement is shown in Figure 2 . This profile displays an endothermic peak at 450°C, indicating that the MgH 2 powder begins to desorb hydrogen at 450°C. The desorption temperatures of Samples III and IV, which expressed the storage of hydrogen via XRD as shown in the previous chapter, were measured with DSC. Figure 3 shows the results of DSC measurements of Samples III and IV both before (as-prepared) and after hydrogenation. All heat flows decrease with increasing temperature, caused by the softening of polyimide at elevated temperatures. Both Samples III and IV produce clear endothermic peaks after hydrogenation and no peaks before hydrogenation, indicating desorption temperatures of 430°C and 150°C for Samples III and IV, respectively. The DSC graphs also show that the heat flow in Sample IV begins to fall at ~300°C. The remarkable improvement of the dehydrogenation property can be attributed to the Ti layer between the Mg and Pd layers, because Sample IV possesses this layer while Sample III does not. 
Amount of hydrogen storage
The hydrogen storage amount of Sample IV was determined by PCT measurement under the conditions shown in Table 6 second. Figure 4 shows the results of the PCT measurement. The hydrogen contents increase with increasing pressure and no plateau region in the chemical reaction progresses for hydrogenation is observed. Song and et al. (Song et al., 2007) reported Mg-10 wt.% (Fe2O3) showed that equilibrium plateau of the material in the PCT measurement was not clear because there were two hydride phases. Even though, the pressure in their Figure 8 went up a gradual increase and did not a step-like one. Since the absorbed and desorbed rates of hydrogen were lower in Mg than any other elements, the data points in PCT measurements have to take many times for getting the plateau behavior. It might be a shortage of the measurement time not to get clear plateau.
Sample IV absorbs 0.417 wt.% hydrogen at 2 MPa and 0.489 wt.% under 10 MPa. Those storage amounts are lower than those of LaNi 5 , a representative hydrogen storage alloy that can absorb ~1.47 wt.% hydrogen at room temperature . In Figure 4 , we use the sample weight including the polyimide film substrate to evaluate the amount of stored hydrogen. The film should be the base for the deposition and the weight ratio of polyimide is ~95% of the total sample weight. If the polyimide film does not store hydrogen, the storage amounts of Sample IV would rise to 4.3 wt.% under 2 MPa and 5.1 wt.% under 10 MPa. These values are slightly less than the ideal capacity of pure Mg; the amount may increase by using a lighter-weight film as the substrate for the Mg/Ti/Pd multilayer. 
Discussion
The hydrogen desorption temperature of Sample IV decreased to ~300°C because of the presence of the Ti layer. To consider the mechanism, the crystal structures of Mg in Samples III and IV before hydrogenation are detailed with the data of XRD as collected in Chapter 3. Figure 5 shows the diffraction peaks of Mg (0002) by enlarging the patterns shown in Figure 1 (a) and (b) as-prepared between 32 and 38°. The Mg (0002) peak of Sample IV appears at a higher angular position than that of Sample III. The diffraction angles of the peaks are clarified, from which the lattice parameters are determined, as shown in Table 7 . The lattice parameter of Mg (0002) of Sample III is almost equal to that of pure Mg; that of Sample IV is much smaller than that of pure Mg, because of the dissolved Ti in the Mg lattice. This suggests that the Ti atoms diffuse into the Mg layer during the vaporing. Xin et al. also reported the smiler peak angle shift of Mg 85 Ti 15 and Mg 72 Ti 18 thin films in XRD and suggested this shift is brought about by partial substitution of Mg by Ti, which has a smaller molar volume than Mg, causing the lattice contraction (Xin et al., 2013) . Vermeulen et al. reported the smiler peak angle shift of Mg 80 Ti 20 thin films in XRD and suggested the films produce fcc-type MgH 2 during hydrogenation, which improves the properties of absorption and desorption in the films (Vermeulen et al., 2006) . Tao et al. reported that the fcc-type MgH 2 possesses a lower bonding energy than rutile-type, according to DFT calculations (Tao et al., 2011) . Sample IV could form fcc-type MgH2 and resulted in the decrease of the desorption temperature, which was less than that of Sample III.
Sample IV did not desorb hydrogen at temperatures below 200°C in the PCT measurement although the sample desorbed it about 200°C as shown in Chapter 4. Sample IV was measured after pre-treatment at 250°C, as shown in Table 6 , for hydrogenation before the PCT measurement. The supersaturated solid solution of Ti in the Mg lattice decomposes at temperatures above 200°C and the phase segregation becomes fast in the range of 250°C to 300°C (Liang, et al., 2003) . Therefore, Sample IV must generate bcttype MgH 2 instead of the fcc structure, and might require a higher temperature for hydrogen desorption. 
Conclusions
We prepared four samples with PLD and evaluated the hydrogen absorption/desorption properties of the prepared films. Polyimide/Mg and polyimide/Mg/Ti samples did not absorb hydrogen under 0.8 MPa and 200°C, while polyimide/Mg/Pd and polyimide/Mg/Ti/Pd samples absorbed hydrogen under the same conditions. The absorption effect required the presence of Pd as a catalyst in the films. The desorption temperature of the polyimide/Mg/Ti/Pd sample was lower than that of the polyimide/Mg/Pd film, since the dissolved Ti in the Mg lattice promoted the formation of fcc-type MgH 2 with hydrogenation, which possessed less stability for hydrogen bonding in the crystal than the bct type.
